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Dynamically Optimized Power Converter 



Technical Field 

[OOOl] The present invention generally relates to power converters and, more particularly, 
to a dynamically optimized power converter. 

Background of the Invention 
[0002] It is known in the art that the use of limited energy power sources has increased 
rapidly. Limited energy power sources are any energy source that has a limited energy 
capacity either by design or by its nature such as batteries, solar cells, fuel cells and even 
generators. These types of energy sources are at the heart of a number of electronic devices, 
such as, for example, cell phones, hand held games, and laptop computers. It is also known 
in the art that electric- and hybrid-electric-vehicles that use limited energy power sources, 
such as fuel cells, have a high cost to energy ratio. Similarly, lead acid batteries have a high 
weight to energy ratio. Such limited energy power sources point to the desirability to 
minimize the losses when providing energy to a load while increasing the energy supply 
between recharging or refueling periods in order to allow a user to operate the device or 
vehicle for longer durations. 

[0003] A conventional power converter, which is the link between the energy source and 
load, tends to be a significant percentage of total system power loss, limiting the system 
efficiency, (i.e. the average output power divided by the average input power) . Although the 
loss in efficiency may be as low as 5%, any loss limits or compromises the overall 
performance of the system. The loss in efficiency may be related to various parameters that 
include, but are not limited to, power consumption, switching frequency, temperature, 
component variations. 

[0004] The temperature, for example, may be controlled to improve the efficiency by 
providing a heat sink for the power converter; however, the heat sink requires space thus, 
undesirably increasing the size of the electronic device. In many cases the heat sink is larger 
than the rest of the converter. In another example, size of the converter is also related to the 
switching frequency. For example, efficiency may be maximized when the switching 
frequency is reduced, which is achieved at the expense of more expensive and bulkier 
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magnetic components and capacitors. Thus, there is a tradeoff and relation between size and 
the efficiency of the power converter. 

[0005] Efficiency may change over the operating power consumption range (i.e. low 
power consumption, medium power consumption, and high power consumption). At low 
power consumption, the bias supply loss usually dominates the efficiency. For example, in a 
high frequency switching power supply, bias power is fixed and output power is reduced as 
the system operates at a lower power; therefore, the fixed bias power becomes a higher 
percentage of the overall total power loss, and, in some instances, when the system is 
operated at a relatively low power, the bias power may equal or exceed the output power. At 
the medium power consumption, switching losses dominate the efficiency formula, which are 
typically the source of most losses when both maximum output voltage across the switches 
and maximum current through them occur. At high power consumption, resistive losses 
dominate the efficiency formula. 

[0006] In addition, the characteristics of the power components may vary when selected 
from a similar field of components. Even further, the power component tolerances (e.g. 
capacitive and inductive values) naturally change over time. Yet even further, physical 
changes to power components may occur over time as a result of being exposed to varying 
environmental conditions, such as temperature (e.g. varying environmental temperatures may 
have a detrimental effect on the insulative materials used in a component. Thus, physical 
changes and tolerance changes to power components may also result in a non-optimal 
application that was originally designed to operate at an optimal standard. 
[0007] In most situations, power converters are normally optimized at a specific worst- 
case condition, such as, for example, maximum power consumption or highest operating 
temperature. In some situations, worst case condition efficiency optimization is set at a 
presumed operating condition that includes a combination of multiple parameters for 
example; operating at a high peak power for a short time , which relates to the peak operating 
temperature, for a system operating at 30% of the maximum power load. However, worse 
case condition settings may not always provide maximum efficiency if the system is not 
operated at the specific presumed settings. In a more application-specific example, a power 
converter efficiency optimization for a vehicular power brake system may include a worse 
case optimization for non-highway applications; conversely, the vehicle may be operated 

more often on a highway, thereby having shorter current duration periods and associated 
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current surges that significantly decreases the optimization of the system. As a result, cost 
and size of the power brake system is increased as efficiency is decreased. 
[0008] As understood from the explanation above, once the worst-case condition is 
defined, the process of optimization typically becomes a tradeoff between different design 
criteria (i.e. physical size of the electronic device and switching frequency). The end result is 
a static optimization at a presumed/predefined operating point, which typically occurs at 
maximum operational power and maximum temperature rating. This points to the deficiency 
of optimizing at one operating point in that the power converter may not operate at a 
presumably optimized point very often. 

[0009] Conventional analog and digital controls cannot be designed to adapt to changing 
conditions without the additional cost of extra complicated circuitry. Even further, specific 
circuitry implemented for conventional analog and digital controls undesirably restricts 
functional monitoring of specific parameters for specific changing conditions. Even further, 
conventional analog and digital controls cannot adapt to constantly changing component 
tolerances. Thus, although adequate for monitoring specific parameters, conventional analog 
and digital controls undesirably restricts monitoring parameters and increases cost while also 
not considering dynamic changes in component tolerances. 

[0010] Accordingly, it is therefore desirable to provide an ideal apparatus and method for 
efficiency optimization at every operating condition and component tolerance that can 
optimize power converter efficiency over the power converter's operating power range in an 
adaptive, dynamic manner. 

Summary of the Invention 
[0011] The present invention relates to a device including a power source, a load, and 
a power converter unit including a processor. The processor dynamically optimizes the 
power converter to maximize the efficiency of the transfer of energy from the power source 
to the load. 

Brief Description of the Drawings 
[0012] The present invention will now be described, by way of example, with reference 
to the accompanying drawings, in which: 
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[0013] Figures 1A and IB illustrate a dynamically optimized power converter unit 
according to one embodiment of the invention; 

[0014] Figures 2A and 2B illustrate a flow chart algorithm for the dynamically optimized 
power converter unit according to Figures 1A and IB; 

[0015] Figures 3A and 3B illustrate a dynamically optimized power converter unit 
according to another embodiment of the invention; 

[0016] Figures 4A and 4B illustrate a flow chart algorithm for the dynamically optimized 
power converter unit according to Figures 3A and 3B; and 

[0017] Figure 5 illustrates a graphical representation comparison of a conventional, 
statically-optimized power converter in view of the dynamically optimized power converter 
unit according to Figures 1A, IB and 3A, 3B. 

Description of the Preferred Embodiment 
[0018] The above described disadvantages are overcome and a number of advantages are 
realized by the inventive dynamically optimized power converter unit, which is generally 
illustrated at 10 and 200 in Figures 1A, IB and 3A, 3B, respectively. The efficiency of the 
unit 10, 200 can be optimized along the entire power efficiency curve (Figure 5) by 
dynamically adapting itself to changing parameters and component tolerances that affect 
power converter efficiency. By utilizing the capabilities of a processor, which is seen 
generally at 50, 250 (Figures IB, 3B), the unit 10, 200 is able to be dynamically optimized in 
view of the ever changing conditions and component tolerances. Essentially, the 
microprocessor 50, 250 provides an intelligent software-based monitoring system that may be 
altered at any time by a programmer to monitor, store, calculate, and compare varying 
dynamic parameters that were originally contemplated and/or unanticipated in the original 
monitoring program. Referring to both Figures 1 A, IB and 3A, 3B, the unit 10, 200 includes 
two parallel systems seen at reference numerals 25a, 25b and 225a, 225b, respectively; 
however, it is contemplated that the unit 10, 200 may be optimized to accommodate any 
desirable number of parallel systems, such as three, four, eight, or ten systems, which may be 
deactivated at any time to reduce gate power proportioned to the number of systems that are 
deactivated. 

[0019] Referring initially to Figures 1 A, IB, the unit 10, as illustrated, may be 

implemented as a two phase-interleaved DC/DC hard-switch converter. For example, 
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according to one embodiment of the invention, the unit 10 may be a 1500-watt converter. As 
seen in Figures 1 A and IB, the illustrated hard-switch converter unit 10 is commonly referred 
to in the art as a buck converter. Although not illustrated, any desirable type of hard-switch 
converter may be implemented in the design of the power converter unit 10, such as, for 
example, but not limited to buck converters, boost converters, buck-boost converters, fly- 
back converters, forward converters, push-pull converters, half bridge converters, full bridge 
converters, or the like. 

[0020] As illustrated, the two-phase interleaved DC/DC hard-switched power converter 
10 is connected to a power source 12 and a variable power load 14. Individual power 
converter modules are seen generally at reference numerals 25a, 25b, respectively. The 
processor 50 receives the average input voltage, Vjn-avg, from input voltage sensor 16 and 
average input current, Iin-avg, from input current sensor 18 and uses those values to calculate 
input power. The processor 50 also receives average output voltage, Vo-avg, from output 
voltage sensor 20 and average output current, Io-avg, from output current sensor 22 and uses 
those values to calculate output power. The processor 50 also receives temperature 
measurements, T a , Tb, from temperature sensors 24a, 24b relating to each module 25a, 25b. 
[0021] The duty cycle of each module 25a, 25b is related to the on-time of transistors 
26a, 26b. Upon computing the required duty cycle for transistors 26a, 26b, the on-time is 
generated internally by the processor 50 and applied through the gating signals A H igh and 
Bhigh that are input to upper-gate drivers 28a, 28b of gate driver units 30a, 30b, which are 
applied to gates of the transistors 26a, 26b, respectively. For a buck-converter-type 
implementation, the duty cycle in steady state is equal to the proportional relationship 
between the average output voltage, Vo-avg, and the average input voltage, Vjn-avg,. If 
synchronous rectification is desired, gating signals A LO \v and B LO \v are input to lower-gate 
drivers 32a, 32b of the gate driver units 30a, 30b, which are applied to gates of transistors 
34a, 34b, respectively. Typically, synchronous rectification is used in a low voltage / high 
frequency application when field effect transistors (FETs) are used as a switching device. 
[0022] As seen in Figures 2A and 2B, a flow chart algorithm implementing the monitored 
parameters V in . A vg, Iin-avg, Vo-avg, Io-avg, T a , Tb, of the unit 10 is shown. In the following 
description, when the term 'efficiency' is used, efficiency is calculated by applying above- 
noted parameters in the following equation: 
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Efficiency = (V 0 _ AVG xI 0 _ AVG ) + (K w _^, c x I gN AVG ) . 

The algorithm as shown in Figures 2A and 2B may also utilize a lookup table stored internal 
or external to the microprocessor 50. Depending on the application of the unit 1 0, the lookup 
table may store pre-programmed information or dynamically-created information based upon 
the monitored parameters. According to one embodiment of the invention, the lookup table 
may include data relating to power levels of the power converter unit 10. Other data 
provided in the lookup table may also include starting frequency data based upon a specific 
output power level. 

[0023] The algorithm is started at step 100 when the electronic device is powered-on. As 
illustrated, the algorithm generally comprises three loops that monitors three predetermined 
parameters; however, it is contemplated that the algorithm is not necessarily limited to three 
loops monitoring three parameters and that any desirable number of loops and parameters 
may be programmed into the processor 50 at any time. The first loop in the algorithm, which 
is seen generally at 101, relates to power measurement, the second loop, which is seen 
generally at 103, relates to frequency measurement, and the third loop, which is seen 
generally at 105, relates to temperature measurement. Essentially, once the frequency is 
optimized in loop 103, the duty cycle of each module 25a, 25b is changed in loop 105 until 
the temperatures of the modules 25a, 25b are in balance. The algorithm generally assumes 
that operating under a high power results in operating under a high temperature. Although 
power sharing (i.e. evenly distributing the power) between the modules 25a, 25b may not 
necessarily be always equal, balancing the temperatures between the modules 25a, 25b will 
contribute to maximizing the efficiency of the unit 10. 

[0024] As illustrated, the power measurement loop 101 measures the output power, P 0 , at 
step 102, which is essentially equivalent to V 0 -avg x Io-avg, and determines if the output 
power, P 0 , is steady at step 104. If the output power, P 0 , is not steady, the output power, P 0 , 
is measured again at step 102, and, conversely, if the output power, P Q , is steady, the 
algorithm is advanced to the next step to determine the number of modules 25a, 25b to be 
activated. According to the illustrated embodiment, two modules 25a, 25b are shown; 
therefore, the algorithm anticipates that either one or two modules 25a, 25b may be activated. 
However, as stated above, any desirable number of modules 25a ,25b may be incorporated 
into the unit 10. At step 106, the measured output power, P 0 , is compared against an 
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operating system power level that is predetermined/pre-programmed or dynamically- 
determined, which, according to the illustrated embodiment, is Plow-max- Plow-max is related 
to the upper value of the lower power range, Plow, in Figure 5. For reasons explained in 
greater detail below, if the output power, Po, is less than Plow-max, one module 25a, 25b is 
enabled at step 108. Conversely, if the output power, P 0 , is greater than Plow-max, both 
modules 25a, 25b are enabled at step 1 10. 

[0025] Once the number of activated modules 25a, 25b is determined, the processor 50 
will select the starting frequency at step 112. The starting frequency may be preprogrammed 
as the maximum allowed frequency in the form of a hard number, or alternatively, the 
starting frequency may be selected from the lookup table by equating a selected starting 
frequency in view of the measured output power, Po. Then, the processor 50 calculates the 
efficiency of the unit 10 at step 1 14 in view of the selected starting frequency and determines 
the efficiency of the unit at step 1 16. If it is determined that the selected starting frequency 
does not increase the efficiency of the unit 10, the frequency is decremented at step 118. For 
example, the frequency may be decremented in any desirable amount of units, such as, for 
example, 5 kHz. Essentially, the loop 103 primarily calculates and compares the efficiency 
each time the frequency is decremented in view of the efficiency at the previously calculated 
frequency. When the efficiency no longer needs to be decreased, the processor 50 determines 
that the efficiency of the unit 10 has been maximized and the algorithm will select the 
previous frequency prior to being decremented as the optimal switching frequency at step 
120. The amount of time to determine the optimum frequency efficiency may be decreased if 
a lookup table is used because the starting frequency determined at step 1 12 will be closer to 
the final frequency determined at step 120. 

[0026] At step 122, when the optimum frequency is obtained, and if two modules 25a, 
25b are operating, the algorithm will shift the power sharing between the two modules 25a, 
25b, Then, the temperature of both modules 25a, 25b are measured at step 124 and compared 
at step 126, and, if the temperatures are not the same, then the relative duty cycle is adjusted 
at step 128. Conversely, if the temperatures of the modules 25a, 25b are the same, the 
algorithm is looped to the power measurement step at step 102 to continuously monitor the 
efficiency of the electronic device. 

[0027] Referring now to Figures 3A and 3B, another embodiment of the hard-switched 

power converter unit is seen generally at 200. As illustrated, the power converter 200 
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generally includes and provides sensors relating to the same components as applied to the 
power converter 10. However, rather than considering temperature measurements for 
modules 225a, 225b, the power converter 200 considers the average output currents, Ioi-avg, 
Io2-avg, from output current sensors 222a, 222b, respectively. 

[0028] As seen in Figures 3A, 3B, the average output currents Ioi-avg, Io2-avg, are 
derived from the output of isolation transformers 234a, 234b and bridge rectifiers 236a, 
236b. Accordingly, the half-cycles of the transistors 226a, 226b and 234a, 234b provides 
voltage to the isolation transformers 234a, 234b which then steps up or steps down the 
voltage to the bridge rectifiers 236a, 236b, to isolate the output from the input. The voltages 
are common to the two modules 225a, 225b with one feedback, but each individual module 
225a, 225b has its own current feedback. Therefore, when calculating the efficiency, total 
output power may be measured by summing the currents Ioi-avg, I02-AVG, multiplied by the 
output voltage, V 0 -avg; or output power may be measured for each module 225a, 225b by 
taking the output voltage, Vo-avg, multiplied by one of the currents, Ioi-avg, Io2-avg- 
[0029] The algorithm for the power converter 200 is started at step 300 when the 
electronic device is powered-on. As illustrated, the algorithm generally comprises four loops 
relating to three predetermined parameters of the system; however, it is contemplated that the 
algorithm is not necessarily limited to four parameters and that any desirable number of loops 
and parameters may be programmed into the processor 250 at any time. The first loop in the 
algorithm, which is seen generally at 301, relates to power measurement, the second loop, 
which is seen generally at 303, relates to number of modules running, the third loop, which is 
seen generally at 305, relates to switching frequency, and the forth loop, which is seen 
generally at 307, relates to average output current measurement of each module 225a, 225b 
and duty cycle. 

[0030] Prior to starting the power measurement loop 301, the algorithm initializes Plow- 

max, switching frequency, and the duty cycle, at step 302, then, at step 304, both modules 

225a, 225b are enabled (rather than one as shown in Figures 2A, 2B). The initializations at 

step 302 may include values that are preprogrammed or harvested from the lookup table. 

Then, at step 306, the output power, Po, is measured. If the output power, Po, is not steady, 

the output power, P 0 , is measured again at step 306, and, conversely, if the output power, P 0 , 

is steady, the algorithm is advanced to the next steps at 310 and 312 to calculate efficiency 

and determine if the measured output power, P 0 , is less than initialized Plow-max- If the 
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output power, Po, is less than initialized Plow-max, one module 225a, 225b is enabled at step 
314. Conversely, if the output power, Po, is greater than initialized Plow-max, both modules 
225a, 225b remain active and the algorithm is advanced to step 324. 

[0031] If one module is enabled at 312, the efficiency is calculated by the processor 250 
at 3 1 6 and the algorithm determines if the efficiency should be increased at step 318. If the 
system is operating at a higher efficiency when one module 225a, 225b is enabled, the 
algorithm will re-initialize Plow-max at step 320 when one module is enabled and return to 
step 306 with one module 225a, 225b enabled at the outset of the power measurement rather 
than two modules 225a, 225b being enabled to determine if the system is more efficient with 
one module 225a, 225b activated. Conversely, if the system not more efficient when one 
module 225a, 225b is enabled, then two modules are enabled again at step 322. 
[0032] Upon determining the number of modules being enabled, the optimum switching 
frequency is determined at step 324 in view of the measured output power, P 0 , at step 306. 
As an example, the optimum switching frequency may be selected from the lookup table by 
equating the switching frequency in view of the measured output power, Po. Then, the 
processor 250 determines the efficiency of the unit 200 at step 326 in view of the switching 
frequency determined at step 324. If the efficiency was not increased, then initialized 
switching frequency from step 302 is restored at step 328; conversely, if the efficiency was 
increased, then the algorithm is advanced to step 330. 

[0033] At step 330, the average output currents Ioi-avg, Io2-avg of both modules 225a, 
225b are measured. If the average output currents Ioi-avg, Io2-avg of both modules are the 
same, then the algorithm is looped back to step 306. Conversely, if the average output 
currents Ioi-avg, Io2-avg are not the same, the initialized relative duty cycle from step 302 is 
adjusted at step 334 (i.e. the duty cycle is incremented or decremented in view of the 
initialized duty cycle which is determined by the programmer) and then the algorithm is 
looped back to step 330 until maximum efficiency is attained when both output currents Ioi- 
avg, Io2-avg are the same. Similarly as discussed above, although two modules 225a, 225b 
are discussed in relation to the algorithm illustrated in Figures 4A, 4B, any desirable number 
of modules 225a, 225b may be incorporated into the unit 200. 

[0034] In relation to the discussion of the flow charts illustrated in Figures 2A, 2B and 

4A, 4B, a power efficiency curve is seen in Figure 5. The efficiency is represented on the y- 

axis and units on the x-axis are related to the percentage of the operating power used by the 
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unit 10, 200. The graphical representations include the efficiency results of a conventional, 
statically-optimized power converter (i.e., the lower curve with circular plot points) and a 
dynamically optimized power converter (i.e., the upper curve with triangular plot points) 
related to the unit 10, 200. According to the illustrated embodiment of the invention 
described in Figures 2A, 2B and 4A, 4B, the optimization parameters that relate to the upper 
curve are number of operating modules , switching frequency, and temperature. 
[0035] Power level ranges on the x-axis are subcategorized into low power, Plow, 
medium power, Pmed, and high power, Phigh. Generally, as described above in relation to 
Figures 2A, 2B and 4A, 4B, the Plow range is generally related to lower-end operating power 
parameters of the electronic device, the Pmed range is generally related to the switching 
frequency parameter, and the Phigh range is generally related to the temperature parameter. 
Although specific ranges are pointed out in Figure 5 for Plow, Pmed, and Phigh, the ranges 
are not limited as illustrated and may vary from 5% to as much as 70%, depending on the 
number of modules 25a, 25b and 225a, 225b incorporated into the unit 10, 200 for a specific 
application. However, for most applications, it is contemplated that Pmed and Plow 
comprises the largest zone and smallest zones, respectively. 

[0036] As explained above in relation to Figures 2A and 2B, to increase the efficiency of 
the unit 10, only one of the modules 25a, 25b is in operation when normalized power for the 
unit 10 operates in the low power range, Plow- Essentially, the processor 50 deactivates one 
of the converter modules 25a, 25b when the unit 10 is operating in the Plow range, and 
efficiency is increased by reducing approximately one-half of the bias current applied to the 
FET gate drives. At the upper end of Plow, efficiency may be further maximized when the 
processor 50 reduces the switching frequency when the unit is operating at less than full 
power. 

[0037] Conversely, both modules are active when the unit 10 operates in the Pmed and 

Phigh ranges. Relating to the algorithm described in Figures 4A, 4B, it can be assumed that 

the unit 200 is operating at a high power since two modules are activated at the outset; 

however, the algorithm is also suitable for operating in the Plow range as well because the 

algorithm permits stepping down to one module if it is determined the unit 200 is not 

operating at a higher efficiency when two modules are enabled. Referring back to the unit 10, 

in the Pmed range, which is less than full power, the processor 50 seeks the optimum 

switching frequency at each operating point because the magnetics in the unit 10 are typically 
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designed for the maximum allowable flux density at full power. Accordingly, as power is 
reduced, the unit 10 flux density becomes less, which allows the frequency to be lowered, 
providing improved efficiency for the unit 10. In the Phigh range, the processor 50 seeks 
parameters relating to resistive losses. As explained above, I 2 R resistive losses may be 
related to layout differences, component variations, and timing differences, which summarily 
can lead to an unbalance in power distribution between modules. Because temperature is a 
good indicator of power dissipation, temperature is measured as the criteria for power sharing 
in the Phigh range. Relating to component variations, temperature affects the actual 
capacitive and inductive values, but also has a lot to do with I 2 R losses. Typically, 
temperature is a measure of any large differences in DC power losses for FETs, which are 
typically implemented for low voltage converters. Therefore, if efficiency of the unit 10 is 
being affected as a result of component tolerances, aging, or distance to a cooling source, one 
of the modules will tend to carry more power than the other because one of the modules may 
be operating at a higher temperature. Therefore, temperature is monitored to shift the power 
load in an attempt to equalize the power between the modules 25a, 25b. 
[0038] The present invention has been described with reference to certain exemplary 
embodiments thereof. However, it will be readily apparent to those skilled in the art that it is 
possible to embody the invention in specific forms other than those of the exemplary 
embodiments described above. This may be done without departing from the spirit of the 
invention. For example, the method of this invention is not limited to the described 
optimization parameters. Even further, the invention is not limited by the illustrated 
algorithm, as other algorithms are possible. The exemplary embodiments are merely 
illustrative and should not be considered restrictive in any way. The scope of the invention is 
defined by the appended claims and their equivalents, rather than by the preceding 
description. 
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